further evidence that GFP produced in I? pastoris is cytosolic, whereas GFP-SKL is peroxisomal. The GFP-SKL fusion protein is therefore a versatile reporter for the peroxisomal compartment, with many applications for studies involving pemxisomal import and biogenesis. (/ Hisrochem  Cyrochem 44581-589, 19%) 
We exploited the Light-activated fluorescent properties of the green fluorescent protein (GFP) of the jellyfish Aequorea vicroria for studies on the peroxisomal sorting of polypeptides. GFP and GFP-SKL (containing a C-terminal, tripeptide peroxisomal targeting signal, SKL) were expressed from a methanol-inducible, alcohol oxidase (AOXI) promoter in the methylotrophic yeast Pichia pastoris. GFP was cytosolic, whereas the GFP-SKL fusion protein was targeted to peroxisomes, as demonstrated by biochemical fractionation of organelles on Nycodenz gradients. Neither GFP nor GFP-SKL affected the viability of yeast cells but both were fluorescent on excitation with 395-nm uv light. The subcellular locations of GFP and GFP-SKL in living yeast cells were monitored by fluorescence microscopy and their fluorescence was coupled to photo-oxidation of diaminobenzidine (DAB), resulting in the deposition of electron-dense oxidized DAB at intracellular locations of GFP derivatives. This photooxidation procedure permitted facile ultrastructural localization of GFP in cells by electron miaompy, and provided
Introduction
The 27-KD green fluorescent protein (GFP) emits green light from the periphery of the umbrella ofAequorea victoria (Prasher et al., 1992; Inouye et al., 1985; Harvey, 1952) . Binding of calcium to the photoprotein aequorin (21.4 KD) in the presence of molecular oxygen results in the emission of blue light (Amax = 470 nm). This light can be transferred to GFP (absorbs at 395 nm and 470 mm) (Ward et al., 1980) which, in turn, emits green light (Amax = 509 nm) (Inouye and Tsuji, 1994) . The fluorophore of GFP has been defied and was shown to be a hexapeptide between positions 64-70 in the amino acid sequence (Cody et al., 1993) . The nontoxicity Supported by grant NIH DK41737 (SS). TW and GL were supported by EMBO (ALTF 402-1993) and DFG (Lu 57111-1) fellowships, respectively.
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Current address: Dept. of Cell Biology, The Scripps Research Institute, La Jolla, CA. of GFP and the minimal photobleaching of the fluorophore make it an attractive reporter for gene expression studies (Chalfie et al., 1994) . The fact that GFP can be visualized in living cells without prior fixation and permeabilization makes it ideal as a passenger protein to study protein import into subcellular compartments, or for labeling of the compartments themselves.
Many applications in cell biology require the ability to visualize reporters by both light and electron microscopy. Unfortunately, many widely used fluorescent tracers are not inherently electrondense and are therefore unsuitable for ultrastructural investigations. Conversely, when protein reporters are exploited, observations at the ultrastructural level are subject to the intrinsic limitations of immunoelectron microscopy, in which ultrastructural resolution is often compromised to preserve the maximal number of immunological epitopes. ' We have used the fluorescence of the GFF-SKL fusion as a marker for protein import into peroxisomes and as a way to visualize these organelles in living cells. The fluorescence emission of GFP and its derivatives has also been coupled to the photo-oxidation of DAB, allowing accurate, intracellular localization of GFP by electron microscopy. Applications of GFP for problems in cell biology are discussed, using the peroxisomal targeting of proteins as a paradigm.
Materials and Methods
Strains and Growth Conditions. Picbizpastoris strains used in this study were PPY12 (arg4. his4) (Gould et al., 1992) , PPY12::pGFP (arg4, GFP), and PPY12::pGFP-SKL (arg4, GFP-SKL). Strains were grown at 30°C either in YPD (1% w/v yeast extract. 2% wlv bacto peptone. 2% w/v dextrose) or in synthetic medium (S) containing 6.7 glliter yeast nitrogen base supplemented with L-arginine andlor L-histidine to final concentrations of 1 mg/liter. Carbon sources, dextrose (SD) or methanol (SM), were added to final concentrations of 20 g/liter or 5 mUIiter, respectively.
Reagents. Paraformaldehyde and glutaraldehyde for electron microscopy were obtained from Ted Pella (Redding, CA). Zymolase 20T was from ICN (Costa Mesa, CA), Hz02 was from Fisher (Fair Lawn, NJ). and protein A-horseradish peroxidase (HRP) was from Bio Rad (Richmond, CA). All other chemicals were purchased from Sigma Chemicals (St Louis, MO).
Plasmids. The GFP gene was amplified by PCR from plasmid pBKSII-GFP (Chalfie et al., 1994) using primers GCTgaattcAzAGTAAAG-GAGAA (5' end, coding strand) and AGAgaattcTTA~TMGTATAGTTC-(3' end, noncoding strand). Similarly, GFP-SKL was obtained using primers GCT@attcAn;AGTAAAGGAGAA (5' end, coding strand) and AGAgaattcT-TATAAT'MGGATAGTTCATCCAT (3' end, noncoding strand). All primers were flanked by EcoRI sites (lower case letters in sequences shown). Start and stop codons, ATG and ATT (complementary strand), respectively, are underlined. Nucleotides altered to create the SKL codons are shown in bold. PCR fragments were cloned in the EcoRI site of the HIS4-based vector PHIL-D2 (Invitrogen; San Diego, CA) under control of the alcohol oxidase (AOXI) promoter (Ellis et al., 1985) . yielding plasmids pGFP and pGFF-SKL. Before transformation of strain PPYl2. plasmids pGFP and pGFP-SKL were linearized with restriction enzyme SstI (unique site in the AOXl promoter) to favor integration at the AOXl locus. The integration event creates a duplication of the AOXl promoter, leaving the endogenous AOXl gene intact.
Recombinant DNA Techniques. Southern blotting, PCR, plasmid isolations. restriction analysis, and E. col2 transformations were performed according to standard protocols (Sambrook et al., 1989) or manufacturers' instructions. Yeast cells were transformed by electroporation (Becker and Guarente. 1991) .
Fluorescence Microscopy. Cells were pelleted by a >-sec spin in a microcentrifuge. The cell suspension was placed on a microscope slide protected by a coverslip and analyzed using the F I E channel of a Photomicroscope I11 fluorescence microscope (Zeiss; Oberkochen, Germany) equipped with a Planopochromat 63/1.4 (oil) objective and Nomarski attachments. Cells were photographed on Kodak Tri-X pan 400 black-and-white film.
Preparation of Cell-free Extracts and Protein Analyses. Cells were collected by a 3-min centrifugation at 3000 rpm in a microcentrifuge and washed once with 50 mM Tris-HCI. 2 mM EmA, pH 8.0. The wet pellet was transferred to a 2-ml Eppemdorf vial and an equal volume of glass beads was added. The cell pelletlglass bead mixture was vortexed for 5 min and the debris separated by a lo-sec spin at maximal speed in a microcentrifuge. The resulting supernatant was considered as the cell-free crude lysate and used for further analysis. Protein concentrations were determined according to instructions supplied with the bicinchoninic acid protein assay kit (Sigma). SDS-PAGE was performed as described earlier (Laemmli. 1970) .
Cell Fractionation Studies. For cell fractionation studies, strains PPY12::pGFP-SKL and PPY12::pGFF'wcre grown in YPD medium. pellad, inoculated into 2 liters of SM medium, and grown for 2 days. Cells at an optical density (OD) (595 nm) of 5 were harvested by centrifuption, resuspended in 100 mM Ttis-HC1.50 mM E m , 10 mM 0-mercaptoethanol (pH 7.5), and incubated for 20 min at room temperature (RT). Cells were washed in 20 mM potassium phosphate, 1.2 M sorbitol (pH 7.5), and resuspended in the same buffer. Spheroplasts were prepared by addition of a 12-mglml solution of Zymolyase 20T (0.5 NI per OD of cells), followed by incubation for 45 min at 30°C. Spheroplasts were harvested and resuspended in ice-cold douncing buffer consisting of 1 M sorbitol, 5 mM MES, 0.5 mM EDTA, 0.1% ethanol (pH 6), with 0.1 mM PMSF, 5 mM ElXA, 0.1% ethanol (pH 6). with 0.1 mM PMSF, 5 mM NaF. 12.5 pg/ml leupcptin, and 5 wg/ml aprotinin as protease inhibitors. Spheroplasts were broken open by 10 strokcs of a Dounce homogenizer, and the resulting homogenates were centrifuged at 2000 x g at 4'C for 10 min to r e m m intact cells, cell debris, and nuclei. The resulting postnuclear supernants were centrifuged at 27.000 x g at 4'C for 20 min in a Sorvall SS34 rotor. The organelle pellets obtained were gently resuspended in douncing buffer and loaded on top of Nycodenz density gradients. These step gradients [4 ml of&%, 6 mlof50%, 12 mlof35%, and 10 mlof28% (w/v)Nycodenz in 5 mM MES, 0.5 mM EDTA, 0.1% ethanol, pH 61 were frozen and thawed once, providing a continuous nonlinear gradient profile. Isopycnic centrifugation was performed in a vertical rotor (VTi5O; Bechann) for 2 hr at 90,000 x g. Gradients were eluted from the bottom of the tube into 20 fractions of 2 ml each, using a peristaltic pump. aliquoted, and stored at -20'C.
Analysis of Density Gradient Fractions. Procedures for measurement of catalase (Baudhuin et al., 1964) and cytochrome-c oxidase (Madden and Storrie, 1987) activities, and for SDS-PAGE (Lacmmli, 1970) and subscquent Western blotting (Burnette, 1981) . have been described previously. Blots were incubated with antisera against GFP (dilution k5OOO) and against alcohol oxidase (dilution 1:20000), and after incubation with a protein A-HRP conjugate (Bio Rad dilution 1:3000), the ECL technique (Amersham: Poole, UK) was used for visualization of immune complexes.
DAB Photo-oxidation Techniques. Yeast cells were pelleted by centrifugation at 3000 rpm for 3 min in a microcentrifuge and washed for 5 min at RT in PHEMlKCN buffer (60 mM PIPES, 25 mM HEPES, 5 mM glycine, 10 mM EGTA. 2 mM MgS04, pH 6.5) supplemented with 10 mM KCN. The KCN was added to eliminate oxidation of DAB by mitochondria. Cells were prefixed for 20 min at RT in PHEM/KCN buffer containing 3% (wlv) freshly depolymerized paraformaldehyde and were finally fixed by a 20-min incubation at RT in a mixture of 3% (wlv) formaldehyde and 0.2% (vlv) glutaraldehyde.
To prevent DAB oxidation in the vacuoles, fixed cells were washed five times with PHEMlKCN buffer followed by a 10" incubation in buffer prewarmed to 45-5O'C. Fixed cells were resuspended in the same buffer containing 1 m g / d DAB and 10 mM KCN and uansfcrred to w-transparent cuvettes. Cells were infused for 5 min in the dark with DAB and irradiated at 395 nm for 10 min in a spectrophotometer. Plastic tubing attached to a peristaltic pump was used to bubble air into the bottom of the cuvette to provide adequate mixing of the cells during exposure to w light. Exposure of the cells to w light was stopped when the cell suspension became slightly brown. The time of irradiation with W light was varied from 2-15 min. The best results were obtained after 7-10 min. Longer irradiation times showed no improvement or reduction in DAB oxidation. Shorter irradiation times yielded a weaker signal. After w irradiation, each sample was washed twice for 5 min each in 0.2 M cacodylate buffer, pH 7.2.
Electron Microscopy. Cells were postfixed for 45 min at RT in 1% (v/v) osmium tetroxide in 0.2 M cacodylate buffer, pH 7.2. Osmicated samples were washed mice in distilled water, dehydrated successively in ethanol, infiltrated with propylene oxide, and embedded in a mixture of the epoxy resins Epon and Araldite.
Polymerized blocks were sectioned on the Reichert ultramicrotome and double stained with aqueous solutions of uranyl acetate and lead citrate (Reynolds, 1963) . Sections were studied in aJEOL1200 EX11 electron microscope at 80 kV.
Results
Methanol-induced GFP and GFP-SKL Synthesis in P. pastoris GFP constructs wcrc cloncd undcr control of thc AOXl promotcr and uscd to transform I! postoris. yiclding strains PPY 12::pGFP and PPYl2::pGFP-SKL. Thcsc strains contain a singlc copy of the GFP or GFP-SKL gcnc, rcspccrivcly. intcgratcd at thc cndogcnous AOXl locus, as confirmcd by Southcrn blot analysis. Only a fcw pcroxisomcs wcrc cvidcnt in cclls grown on glucosc ( Figurc 1A) , and no production of cithcr GFP or GFP-SLK was obscrvcd, as judgcd by the abscncc of fluorcsccncc of GFP on cxcitation with 395-nm light (data not shown). Thcsc obscrvations arc consistent with thc repression of thc AOXl gcnc during ccll growth on glu-COSC (Coudcrc and Barratti. 1980) . On switching to mcthanol mcdium. thcrc was inducrion of pcroxisomcs (Figurc 1B). as wcll as that of GFP and GFP-SKL. which could bc dcrcctcd in immunoblors using rabbit anti-GFP antibody (Figurc 2). As anticipatcd. GFP-SKL w a~ rccognizcd by an anti-SKL pepridc antibody (Gould ct al., 1990) . whcreas GFP was not (Figurc 2). Thc lcvcl of GFP-SKL dctccrcd in thc cclls was consistently thrccto fivefold higher than that of GFP (Figurc 2). This was true cvcn when thcsc protcins were produccd in thc pas8A strain. in which both proteins arc cytosolic (data not shown). This diffcrcncc in thc steady-state lcvcls of thcsc protcins may bc rclatcd to diffcrcntial rates of synthcsis or dcgradation.
Living cells wcrc cxamincd by fluorcsccncc microscopy ovcr a pcriod of 24 hr aftcr switching of GFPor GFP-SKLproducing cclls from glucosc to methanol mcdium. Thc fluorcsccncc of GFP-SKL was not dctcctable for about 2 hr aftcr induction of pcroxisomcs. probably bccausc sufficicnt GFP-SKL had not accumulatcd during this time period or bccausc thc fluorophorc within the protcin had not achicvcd its optimal conformation. Within 2-4 hr aftcr induction. GFP-SKL accumulated in pcroxisomc-likc structurcs (Figure 3D ) locatcd ncar thc vacuolc. By 8-12 hr, import of GFP-SKL into thcsc structures appcarcd to platcau. No blcaching of thc fluorcsccnce was apparcnt ovcr a 30-min cxposure to uv light. In contrast, GFP (lacking thc SKL targcting signal) was distriburcd diffuscly all over thc cell and was clcarly cxcludcd from the vacuolc (Figurc 3B). Neither thc production of GFP nor that of GFP-SKL had anv discernible cffccts on thc viability of thc yeast cells. ug protein from crude lysates of methanol-induced strains (expected proteins indicated above each lane) were separated by SDS-PAGE and blotted onto nitrocellulose membranes. GFP and SKL epitopes were detected by subsequent incubation of membranes with rabbit anti-GFP (left panel) or rabbit anti-SKL (right panel), respectively, as primary antibodies and goat anti-rabbit alkaline phosphatase conjugate as secondary antibody, followed by NBTIBCIP staining. The anti-GFP and anti-SKL antibodies were used at 1:500 and 1:5000 dilution, respectively.
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Biochemical Localization of GFP and GFP-SKL
The subcellular locations of GFP and GFP-SKL were determined by fractionation of the organelles on density gradients. Organelle pellets consisting mainly of peroxisomes and mitochondria were prepared from methanol-induced PPY 12::pGFP-SKL and PPY12::pGFP strains and fractionated on Nycodenz gradients (Figure 4) . Peroxisomal catalase and mitochondrial cytochrome-c oxidase were well separated in these gradients ( Figures 4A and 4B . top panels). In both gradients, alcohol oxidase was associated with the peak peroxisomal fractions, as shown by immunoblotting ( Figures 4A and 4B. bottom panels) .
The immunoreactivity for GFP (27.8 KD) in the GFP-SKL gradient was found exclusively with the peroxisomal fractions ( Figure  4A . middle panel, fractions 5-9). indicating that GFP-SKI is peroxisomal. Only a trace of immunoreactive GFP was associated with the peak peroxisomal fraction of the GFP gradient ( Figure 4B . middle panel, fraction 5). whereas most of the protein was in fractions near the top of the gradient ( Figure 4B . middle panel, fractions 16 and 17). The presence of some GFP in fractions 16 and 17 was expected because of the inherent contamination of the organelle pellet with small amounts of the cytosol fraction, which contained approximately four times as much GFP compared with that of GFP-SKI-expressing cells (data not shown). The cytosolic location of GFP is consistent with the fluorescence and electron microscopy data (see below).
A crossreacting band of 52 KD was also observed near the top of both gradients ( Figure 4A, middle panel, fractions 17 and 18 ). The molecular mass of this protein, however, was clearly distinct from that of GFP. Furthermore, this crossreacting 52-KD band was also observed in cells not producing GFP, showing that it is unrelated to GFP.
Ultrustructurul Localization of GFP and GFP-SKL by Photo-oxidation of DAB
Because the wavelengths for excitation (395 nm) and emission (509 nm) for GFP are well separated and the latter overlaps with the wavelength of light required for DAB oxidation. we tested whether the light emitted by GFP could photo-oxidize DAB.
GFP-induced photo-oxidation of DAB was indeed activated on cxcitation (at 395 nm) of GFP-and GFP-SKL-producing cells (Figure 5 ) . A granular pattern, characteristic of precipitates of oxidized DAB, was clearly seen in the large. clustered peroxisomes of cells producing GFP-SKL ( Figures 5B and 5D) . Interestingly, the membrane (arrows, Figures 5B and 5D ) between adjacent peroxisomes was also weakly labeled. Not every peroxisome in the cluster was labeled at early time points of methanol induction. and no DAB oxidation was observed within the crystalloid core of alcohol oxidase inside the peroxisome (Figures SA and 5B) . possibly because GFP-SKL may be excluded from the core. After longer induction of the cells in methanol, more of the organelles contained deposits of oxidized DAB (Figures 5C and 5D ). By contrast, many grains of oxidized DAB were evident in thecytoplasm ofcells producing GFP ( Figures 5E and 5F) . Notably, no membrane labeling was observed in the peroxisomes of cells producing GFP ( Figure 5F ). The oxidation of DAB was dependent on the excitation of GFP by 395-nm light (compare Figures 6B and 5E) . The peroxisomal location of GFP-SKL and the cytosolic location of GFP are in accordance with the results obtained by biochemical fractionation of the organelles and by fluorescence microscopy.
Optimization of GFPinduced Oxidation of DAB
During the development of the method for the photo-oxidation of DAB by GFP, it became apparent that other organelles also par-* Figure 4 . Nycodenz density gradient fractionation of organelles. The organelles were prepared from strains (A) PPY12::pGFP-SKL and (E) PPY12::pGFP Crude organelle suspensions from methanol-induced cells, consisting primarily of peroxisomes and mitochondria, were fractionated on Nycodenz gradients as described in Materials and Methods. Top panels show the distribution of peroxisomal catalase and mitochondrial cytochrome-c oxidase throughout the gradient. Enzyme units are expressed as relative activities (DU . EAU -1 . 100). reflecting the percentage enzyme activity in a given fraction (DU) relative to the total activity contained in the gradient (ZAU). Middle and bottom panels show corresponding gradient fractions on immunoblots from 12.5% and 10% SDS gels, respectively.
Comparable amounts of total protein were applied onto gels in A and E. and lanes were loaded with equal volumes of each fraction. Gradient fractions 1 and 20 were not loaded Onto the gels. Blots in the middle panel were incubated with antisera against GFP (anti-GFP, dilution 1:5000) and in the bottom panel with antisera against alcohol oxidase (anti-AOX, dilution 1:20000). Fixed cells treated with PHEMlKCN buffer were prewarmed to 4840% before the addition of DAB but were not irradiated. M. mitochondrion; peroxisome; V. vacuole. Bars = 1 )rm.
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ticipated in DAB oxidation reactions. Deposition of oxidized DAB was observed in mitochondria ( Figure 6A ) and vacuoles ( Figure 6C ). Inclusion of KCN, a well-known inhibitor of the mitochondrial respiratory chain (Seligman et al., 1988) , suppressed oxidation of DAB by mitochondria ( Figure 6B) . Similarly, the oxidation of DAB in the vacuoles was abolished by warming the fixed cells for 10 min at 48-50% before the addition of DAB ( Figure 6D ) (Fahimi, 1969) . It is likely that the mitochondrial oxidation of GFP is due to cytochrome-c oxidase, which is a component of the respiratory chain (Seligman et al., 1988) . The fluorescence of GFP and GFP-SKL was retained at all stages of the DAB oxidation protocol, indicating that the fixation, KCN treatment, or heating at 48-50°C did not affect the fluorescent properties of the proteins. Finally, although catalase can also oxidize DAB (Novikoff and Goldfischer, 1969) . this reaction is dependent on the availability of H202 and is accelerated by high pH (between 8 and 9 at 45°C) (LeHir et al., 1979; Fahimi, 1968) . The generation of endogenous H202 is unlikely after the fixation procedure used on the cells. Because no exogenous H202 was included during the DAB oxidation protocol and the pH was close to neutrality, these side reactions could be avoided ( Figures 5B and 6B ).
Discussion
We have demonstrated, using biochemical fractionation, fluorescence, and electron microscopy, that GFP-SKL can be used as a marker for peroxisomal import in E! pustoris and for identification of this compartment in living cells. The organelles containing GFP-SKL did not coincide with the vacuole, which was easily identified by Nomarski optics. Furthermore, in E! pustoris mutants (e.g., pas8) deficient in the import of SKLcontaining proteins, GFP-SKL was cytosolic, as expected. The fluorescence of GFP-SLK permits analysis of its synthesis and transport into peroxisomes. Because GFP-SKL does not affect the viability of yeast cells and its fluorescence is hardly bleached, even on continuous uv irradiation for as long as 30 min, it serves as a label for the peroxisome compartment in living yeast cells. Therefore, this reporter should be extremely useful in monitoring peroxisome movement, segregation, biogenesis, and degradation.
Peroxisomal sorting of proteins is dependent on at least two distinct peroxisomal targeting signals (PTSs) (Subramani, 1993) . The first of these to be discovered, PTS1, corresponds to the C-terminal tripeptide used in this study (Gould et al., 1989) . F'TS2 is an N-terminal 11-15-amino acid peptide (Osumi et al., 1991; Swinkels et al., 1991) . The availability of GFP mutants emitting light of different wavelengths (Heim et al., 1994) should make it feasible to use different GFP-PTS fusions to monitor protein import via the PTSl and PTS2 pathways simultaneously.
Another important feature of GFP and its derivatives is that the fluorescence of GFP-SKL has been useful in monitoring purification of peroxisomes on gradients simply by visualization of the green fluorescence of the protein on excitation with uv light. Likewise, gradient fractions can be monitored visually for the presence of GFP (data not shown). These properties facilitate rapid organelle purification, a feature particularly useful for fragile peroxisomes.
Enzymes (Seligman et al., 1988) and fluorescent dyes have been used previously for oxidation of DAB (Deerinck et al., 1994; Lubke, 1993; Balercia et al., 1992; Gansmuller et al., 1992; Bentoviglio and Su, 1990; Maranto, 1982) , but to our knowledge naturally fluorescent proteins have not been used for DAB oxidation. We have shown that the fluorescent light emitted by GFP and GFP-SKL can be used to photo-oxidize DAB, thereby enabling these proteins to be localized in cells by examination of the sites of deposition of oxidized DAB. This mode of ultrastructural localization is considerably easier and has greater sensitivity than immunoelectron microscopy. This increased sensitivity might be accounted for by the accessibility of DAB to GFP. The fixation procedures and the incorporation of steps to eliminate spurious labeling of mitochondria, vacuoles, or peroxisomes do not interfere with the fluorescent properties of GFP or GFP-SKL. After DAB oxidation, the osmicated samples can be embedded in any medium of choice to preserve ultrastructural integrity of subcellular structures. This method should be extremely useful in the determination of intracellular locations of various GFP fusion proteins targeted to other subcellular locations.
The easy visualization of peroxisomal protein import using GFP derivatives such as GFP-SKL might also make it feasible to screen for peroxisome import mutants and novel targeting signals by fluorescence microscopy and fluorescence-activated cell sorting techniques. The applications described here are now being tested and may also be applicable for the sorting of proteins to other subcellular compartments.
